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Remotely empowered wireless sensor networks use diﬀerent energy resources including photovoltaic solar cells, wireless power
transmission, and batteries. As another option the electromagnetic energy available in the ambient can be harvested to power
these remote sensors. This is particularly valuable if it is desirable to harvest the ambient energy available in the wide range
of electromagnetic spectrum. This has motivated the research for developing energy harvesting devices which can absorb this
energy and produce a DC voltage. Rectenna, an antenna coupled with a rectiﬁer, is the main component used for absorbing
electromagnetic radiation at GHz and THz frequencies. Rectifying MIM tunnel diodes are able to operate at tens and hundreds
of GHz frequency. As the preliminary steps towards development of high-frequency rectiﬁers, this paper presents fabrication and
DC characterization of two new MIM diodes, Ti-TiO2-Al and Ti-TiO2-Pt. G-V analysis of the fabricated diodes veriﬁes tunneling.
Brinkman-Dynes-Rowell model is used to extract oxide thickness of which the derived value is around 9nm. Ti-TiO2-Pt diode
exhibits rectiﬁcation ratio of 15 at 0.495V, which is more than rectiﬁcation ratio reported in earlier works.
1.Introduction
Recentlyelectromagneticcollectorsarebeingexploredasone
of possible means of harvesting ambient energy, available in
the wide range of solar spectrum [1]. RF energy harvesting
is a special case of this broad approach [2–4]. This kind
of energy can be used for low-power applications such as
remote powering of sensors; charging mobile phones and
laptops anywhere. Electromagnetic waves, received by an
antenna,areconvertedintoDCvoltagewiththehelpofhigh-
frequencyrectiﬁers,ﬁlters,andvoltagemultipliers. The heart
of the rectiﬁer is the diode. This diode can be a Schottky
diode or a metal-insulator-metal (MIM) tunnel diode. The
Schottky diode has limitations such as long reverse recovery
time, and hence it cannot provide faithful rectiﬁcation at
high frequencies. MIM tunnel diode works on the principle
of quantum mechanical tunneling. More often antenna and
rectiﬁer element are integrated as one component, called
rectenna. Brown from Raytheon Company, for the ﬁrst time
used the term “rectenna” for rectifying-antenna, which was
invented to absorb the microwave radiation and simultane-
ously convert it to DC power [5]. In 1964, he demonstrated
a microwave powered helicopter which lasted for 10 hours
with the helicopter hovering at an altitude of 60ft. In
1972 Bailey proposed a new concept, called electromagnetic
wave energy converter (EWEC), using unique pyramidal
solar radiation absorber-converter elements [6]. Hoofring
et al. have reported the fabrication and characterization
of thin ﬁlm metal-oxide-metal tunnel diodes for the use
in far-infrared rectenna [7]. Recently, the Clean Energy
Research Center, University of South Florida, has reported
harvesting energy of infrared radiations from solar energy
[8, 9]. They have also reported application of MIM tun-
nel diodes in millimeter wave detection [10]. Millimeter
wave imaging systems are the next generation of imag-
ing systems being developed for security and surveillance
purposes.
Importance of developing MIM diodes for future highly
eﬃcient rectenna is the motivation behind the research
presented in this paper. The paper presents fabrication ﬂow2 Active and Passive Electronic Components
and DC characterization of two new MIM diodes, Ti-TiO2-
Al and Ti-TiO2-Pt. Brinkman-Dynes-Rowell G-V model
is used to extract the oxide thickness, which is calculated
around 9nm. Behavior of native and plasma oxide devices
is compared. Ti-TiO2-Pt diode exhibits rectiﬁcation ratio of
15 at 0.495, which is more than rectiﬁcation ratios reported
in earlier works [11].
2. Fabricationof MIM TunnelDiodes
Figure 1 shows the process ﬂow for native oxidized sample
(left) and plasma oxidized sample (right). The top electrode
was deposited by the shadow mask technique. The squares
of sizes 200 microns, 100 microns, and 50 microns were
deposited. Two diﬀerent fabrication techniques are used
to form TiO2: native oxide growth and plasma oxidation.
This section explains details of the process ﬂow for both
techniques. Diagrams of both process ﬂows shown in Figures
1(a) and 1(b) show the structure of MIM tunnel diode and
its microscopic top view image.
2.1. Fabrication Flow for Native TiO2 Growth. A silicon wafer
is used as a substrate for the MIM stack. The bottom layer of
the metal is titanium, which is sputtered by RF sputtering
at 150W forwarding power up to a thickness of 70nm.
The sample is kept in class 1000 clean room for not more
than a week to form a native titanium dioxide on it. Then
the top electrode is formed by the thermally evaporating
aluminum up to a thickness of 150nm at base pressure of
3.5 × 10
−6 mbar. Another sample is made in which the top
electrode is evaporated with platinum using electron beam
evaporationatbasepressureof3×10
−6 mbar.Thedeposition
of the top electrode is done with the help of shadow mask
which has the squares of the sizes 200 microns, 100 microns,
and 50 microns. Titanium can readily be oxidized, forming
a native oxide when exposed to the oxygen in the air for
some time. This fact is used to get the native oxide on the
titanium and the selection of counter electrode to get the
work function diﬀerence.
2.2. Fabrication Flow for Plasma Oxidized Ti. The alternate
method for the titanium dioxide formation which can be
highly controlled is plasma oxidation. Titanium is deposited
by electron beam evaporation up to a thickness of 80nm
and then exposed to the oxygen plasma for 30 seconds.
The forwarding RF power to form the plasma is 1500W,
and the standard oxygen ﬂow in the chamber is 3000sccm.
The Applied Materials Etch Centura is used for the plasma
oxidation. Other recipes were also tried by exposing the
titanium for 15 seconds and also 15 and 30 seconds variant
with RF power of 1000W. The only sample that was working
was the plasma oxidation, performed at 1500W for 30
seconds. Oxygen ﬂow is kept constant at 3000sccm, which
is minimum value to sustain the oxygen plasma. The kinetics
of the native oxide formation has been thoroughly explained
by Mott [12–14]a n dC a b r e r aa n dM o t t[ 15]. The kinetics
of plasma oxidation has been explained by Adrianus with
respect to magnetic tunnel junctions [16].
3. Characterization of MIM
The MIM tunnel diode is characterized using semicon-
ductor characterization system from Keithley probe station
4200SCS. Both the contacts are made from the top. The
Al or Pt mesas are contacted from the top and the bottom
electrode of Ti is contacted by little scratching through the
thin oxide formed on the surface. The current density versus
voltage plot for the MIM diode with native oxide is shown in
Figure 2. Figure 3 shows the current density versus voltage
plot for the MIM with plasma oxidized titanium dioxide.
The higher current density of Figure 3 can be explained
by the higher work function diﬀerence between titanium
and platinum electrodes and the small area of the devices.
The better quality of plasma oxidized titanium dioxide over
native oxide of titanium is also a reason for higher current
density.
The dI/dV = I  is the conductivity of the MIM
diode. The rate of change of conductivity is deﬁned as
d2I/dV2 = I  . The ratio of the second derivative of current
and the ﬁrst derivative of current is called the sensitivity
of the MIM diode, S = I  /I . This ratio deﬁnes the
nonlinearity of the diode and hence the diode performance.
The ﬁrst derivative of current deﬁnes the rate of change of
the conductance and hence the asymmetry. Figure 4 shows
the maximum sensitivity of the diode measured at room
temperature, which is 18V
−1 at dc voltage of 0.09V. This
is good as compared to 15V
−1 obtained by Krishnan [11].
The dI/dV plot for the native oxide and plasma oxide
of titanium dioxide MIM is shown in Figures 5 and 6,
respectively.
According to Brinkman et al., the plot of conductiv-
ity (dI/dV) versus voltage will be a parabola [17]. The
asymmetry in the parabolic curve is due to the diﬀerence
between work functions of the metal electrodes used for
MIM device. Therefore, similar to forward and reverse
biasing of diodes if the applied voltage to the electrode with
lower work function is more than the applied voltage to the
electrode with higher work function, the MIM diode will be
forward biased. As Figures 5 and 6 show, the conductivity
is higher in forward-biased region, compared to reverse-
biased region of two MIM diodes. Shape of conductivity
parabola is not same for two diodes since one of them
uses Pt and Ti for electrodes and the other one uses Al
a n dT if o re l e c t r o d e s .T h ec o e ﬃcients of the ﬁtted parabola
were used to extract the thickness of the dielectric, which
was found to be 9nm for native oxide and plasma oxide.
The current density versus voltage and the conductivity
versus voltage plots for both native titanium and plasma
oxide were observed. The asymmetry in the conductivity
accounted for the work function diﬀerence of the dissimilar
metal electrodes. Brinkman et al. (BDR ﬁt) [17] gave the
equation for the conductivity of the metal-insulator-metal
diode as
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Figure 1: (a) process ﬂow for native oxidized sample (left) and plasma oxidized sample (right). The top electrode was deposited by the
shadow mask technique. The squares of sizes 200 microns, 100 microns, and 50 microns were deposited. (b) structure of MIM tunnel diode
and its microscopic top view showing the Pt mesas of sizes 200μm, 100μm, and 50μm squares.
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In (2), G(0) is conductivity at zero voltage, m is eﬀective
mass of an electron in the TiO2, Δϕ is diﬀerence between
potential barrier heights of the metals, ϕ is the average
barrier height, t is thickness of insulator,  is reduced plank’s
constant, V is the applied bias voltage, and q is charge of an
electron.
Valuesofthecoeﬃcientsintheparabola,givenby (2),are
calculated by ﬁtting the experimental dI/dV versus voltage
plot to a parabola.
Performing some mathematical calculations with the
parabolic ﬁt to the experimental data, we get the thickness
of the insulator is found to be 9nm, for both native and
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Figure 2: Current density versus voltage characteristics for Ti-
TiO2 (native)-AlandTi-TiO2 (native)-PtMIMdiode.(Logarithmic
scale).
plasma oxide. It should be noted here that the absolute mass
of an electron in titanium dioxide ﬁlm is taken to be half
of the electron mass. The asymmetry is also deﬁned by the4 Active and Passive Electronic Components
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Figure 3: Comparison of current density (Logarithmic scale) of
MIM Diodes made with native and Plasma TiO2.
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Figure 4: Sensitivity of Ti-TiO2 (native)-Al MIM diode.
rectiﬁcation ratio of the diode which is 15 at 0.495V for
plasma oxide, is more than reported in previous works. The
rectiﬁcation ratio for the native oxide is observed to be 6.5 at
0.33V. The plot for the rectiﬁcation ratio is shown in Figures
7(a) and 7(b).
A sc a nb es e e nf r o mTable 1, the sensitivity and the
rectiﬁcation ratio (If/Ir) depend on the barrier thickness
and the work function of the metals. According to (2)
and by deﬁning sensitivity S = I  /I , it is observed that
sensitivity depends on parameters A0, ϕ,a n dΔϕ. Increasing
work function diﬀerence will enhance sensitivity as it is also
mentionedbyKrishnanetal.[8].Otherfactorsareproperties
of insulator-metal interface such as trap density and oxide
charges. In the presented work, we found that native TiO2 is
able to provide better sensitivity. However, more studies and
structure examinations are required to precisely explain the
mechanisms of sensitivity improvement.
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Figure 5: dI/dV of Ti-TiO2 (native)-Al MIM diode with ﬁtted
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4. Conclusion
This paper presents two diﬀerent new MIM tunnel diodes:
Ti-TiO2-Pt using plasma oxidization of Ti of which work
function is 1.31eV less, compared to Pt work function and
Ti-TiO2-Al using native oxidization of Ti of which work
function is 0.27eV more, compared to Al. Measurement
results show that the diode with native TiO2 shows similar
current densities but higher sensitivity as compared to the
earlier reported work [11]. The plasma oxidation of Ti
leads to higher current densities as compared to the MIM
diode formed by native oxide. Parabolic conductivity plot
conﬁrmed the tunneling phenomenon. This parabola is usedActive and Passive Electronic Components 5
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Figure 7: Rectiﬁcation ratios |If/Ir| plotted versus absolute value of voltages for (a) native oxide and (b) plasma oxide.
Table 1: Compares device characteristics of reported MIM diodes in the literature and this paper.
Work Type of mim diode Thickness of dielectric
(method of deposition) Sensitivity (V−1) If/Ir
Metal-insulator-metal
Hoofring et al. [7] Ni-NiO-Au (0.64μm2) 2.2nm (plasma) 4.55 1.1
Krishnan et al. [8]N i - N i O - C r ( 1 μm2) 3nm (reactive sputter) 5 ∼1.1
Krishnan et al. [9] Ni-NiO-Cr/Au (100μm2-1μm2) 3nm (plasma) NA 4.5–6
Krishnan et al. [10] Ni-NiO-Cr/Au (1μm2 area) 3nm (plasma) 7
Krishnan et al. [10] Ni-NiO-Cr/Au (100μm2 area) 3nm (plasma) 15 NA
This work Ti-TiO2-Al (21287μm2 area) 9nm (native) 18 6.5
to estimate the barrier thickness, which is around 9nm for
bothdiodes.Plasmaoxidizationcanbeoptimizedtogetultra
thinoxideandhencehighcurrentdensitycanbeobtained.Ti
andPt,duetotheirhighworkfunctiondiﬀerenceprovetobe
a desirable choice for MIM tunnel diode. In spite of the same
thickness,thehighercurrentdensityfortheplasmaoxidecan
be explained by the higher work function of Pt compared to
Al.
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